Modern cortical mapping is a cornerstone for safe supratentorial glioma resection in eloquent brain and allows maximal resection with improved functional outcomes. The unlocking of brain functionality through close observation and eventually via cortical stimulation has a fascinating history and was made possible by contributions from early physician-philosophers and neurosurgery's founding fathers. Without an understanding of brain function and functional localization, none of today's modern cortical mapping would be possible.
ortiCal localization was pioneered by early inquisitive neurosurgeons. Through meticulous observation and eventually cortical stimulation, they unlocked many functional regions of the brain. The variability among individual patients was also recognized, leading to the era of intraoperative functional mapping. With this understanding, lesion resection became safer and led to improved survival in our surgical patients.
Early Theories on Brain Function
Understanding the function of the brain and its functional arrangement had crude beginnings. The first theories localizing human intellect and experience were debated among the Greek natural philosophers, with two groups predominating. The cardiocentrists assigned the seat of consciousness to the heart and the encephalocentrists to the brain. The most famous of the cardiocentrists was Aristotle (384-322 bCe). Despite making significant contributions to the anatomical study of the brain, he taught that all sensory input was interpreted by the common sense, which resided within the heart. 7 Aristotle described the brain as cold and bloodless, believing it to be thermo-regulatory in nature. 20 Hippocrates of Kos (460-370 bCe), widely considered the father of medicine, was the first of the encephalocentrists. His works On Injuries of the Head and On the Sacred Disease laid the groundwork for understanding brain function and the beginnings of neurosurgical intervention. Herophilus of Chalcedon (335-280 bCe) and Erasistratus of Ceos (304-250 bCe) were pioneering Greek anatomists in Alexandria, Egypt, who made remarkable leaps in our understanding of motor and sensory nerves, the cranial nerves, and the origination of these nerves within the brain tissue itself. 48 Galen of Pergamon (129 to circa 216 Ce), like the Hippocratics, was an encephalocentrist and served as physician to the gladiators in ancient Rome. Through human dissection (illegal in ancient Greece) and experimentation, Galen proved the brain to be the originator of movement and interpreter of sensation. He proposed the pneumatic theory of ventricular control, which assigned the cerebral ventricles as the modulator of consciousness. Through his observation of injured gladiators, he concluded that the severity of brain trauma was proportional to its proximity to the ventricular system and began our understanding of specific functional localization.
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Expanding on Galen's theories in the 4th and 5th centuries, Nemesius, the Bishop of Emesa, proposed the cell doctrine. In this theory, the ventricles were distinct chambers with distinct functions. The lateral ventricles were for perception of stimuli, the third ventricle was for analysis, and the fourth was for memory storage. 50 Still, little thought was given to the arrangement of the cortex itself. Evidence for this can be seen in the detailed anatomical woodcuts from medieval times. This includes the De Humani Corporis Fabrica, published in 1543 by Flemish anatomist Andreas Vesalius (1514-1564). Although he called cell doctrine into question, he offered no other solution and saw no active role for gray matter in mentation. This is evident in the inaccurate arrangement of gyri and sulci in his work (Fig. 1) . 50 The cell doctrine would persist as a dominant theory for centuries. Increasing accuracy in cerebral cortical anatomy would be revealed in Cerebri Anatome in 1664. The work of Thomas Willis and his illustrator Christopher Wren, it was key in the movement toward emphasizing the cortex and not the ventricles as the seat of cognition. 50 This important transition in thought and observation allowed for significant improvements in the understanding of brain function and functional localization.
Anatomy as It Relates to Function
In 1796, Franz Gall (1758-1828), a German neuroanatomist and physiologist, proposed the concept of phrenology. Phrenology taught that the brain was not a homogeneous unit, but instead an aggregate of mental organs with specific functions. These cerebral organs were topographically localized in the gyri and the relative size of each convolution was indicative of the strength of that particular faculty. Given that the skull ossifies over the brain during infant development, Gall proposed that the external surface of an individual's head could yield information on one's personality traits by diagnosing the internal state of the mental characters; i.e., that internal changes on the cortical surface would influence the skull and overlying skin and that these changes correlated with function ( Fig.  2) . 15 Using a large number of patients to assess for specific personality traits and abilities, Gall was among the first to study not only deficits but also enhanced abilities in individuals in an attempt to better understand functional localization. Though phrenology was clearly wrong, the idea that function was localizable to specific regions of cortex was not, and through his work, he did make some interesting observations. For example, Gall was the first to declare that language production was centered in the frontal lobes after examining a wounded soldier in Napoleon's army. 29 In later years, morphological asymmetries within the brain (not the skull) and their correlation to function would be confirmed. 38, 52 A staunch critic of phrenology, French physiologist and pioneer of anesthesia Jean P. Flourens (1794-1867) increased functional neuroscience knowledge through performing ablation. It is interesting to consider Flourens' attachment to vitalism (living beings have a distinct "vital principle" or "life force"), Christianity, and classical antiquity, and wonder how he ever became an initiator of a "modern" era in experimental neurophysiology. 26 In particular, his criticism of phrenology was precisely because of Gall's claim that cerebral function was localizable.
Flourens believed in what he termed "equipotentiality"-that higher cerebral functions were more diffusely located. He tested his hypotheses by ablating peripheral nerves, the medulla oblongata, the quadrigeminal protuberance, the cerebellum, and the cerebral cortex of vertebrate animals, and then drew conclusions based on his observations. His methods allowed him to locate a respiratory center in the medulla oblongata and to localize motor coordination to the cerebellum. He also postulated that higher cognitive functions lay in the cerebral hemispheres. Due to an inability to exactly localize mental function and intellect, he declared that they were diffusely spread throughout the hemispheres and directly correlated with the volume of the brain tissue itself. 15 Ultimately, Gall would be proven right, but "for the wrong reasons," whereas Flourens, on the other hand, would be "wrong for the 'right' reasons." 14, 26 Thus, through the use of ablation, not skull shape, future research would prove cerebral localization correct (i.e., that specialized cortical regions have distinct functions).
As an alternative to ablation in humans, a number of physicians began studying the postmortem brains of patients with premorbid neurological deficits in order to better understand cortical localization. An example of this is French physician Jean-Baptiste Bouillaud (1796-1881), who contributed to cerebral localization with a specific fo- cus on speech centers. By performing postmortem analysis on patients harboring speech deficits, he concluded that language centers lay within the frontal lobes, but failed to recognize laterality or specific locations in those investigations. 29 His son-in-law, Ernest Auburtin, while at a conference in Paris, met French physician Pierre Paul Broca (1824-1880). Working together, they located a lesion affecting the posterior third frontal convolution in the left hemisphere of a patient who died with an expressive aphasia. Naming of this regional cortex would forever pay tribute to its discoverer. 5, 6 French neurologist Joseph Jules Dejerine (1849-1917) and German physician Carl Wernicke (1848-1905) elaborated on other cortical locations associated with language and, together with contributions from others, developed the cortical connection theory. Through the clinical study of patients, they explored the posterior temporal convolution for understanding spoken language (Wernicke) and the angular gyrus for understanding written language (Dejerine). 9 Along with other prominent names in the neuroscience community, they theorized that it was the combination of discrete cortical functional zones and their interconnectivity that made language and understanding language possible. These anatomical/pathological studies resulted in the classic view of language localization, still demonstrated in many textbooks today; i.e., expressive language in the frontal operculum and language perception in the posterior temporal lobe, with both connected via the arcuate fasciculus.
In addition to the study of patients with neurological deficits, the study of epilepsy yielded vast information on functional localization of the cerebral cortex. For a number of centuries since Thomas Willis proposed seizures originating from the thalamus in 1684, 51 the medical understanding of epileptogenesis had advanced very little, although an alternative hypothesis had been developed by the mid-1800s that epileptogenesis was instead centered in the medulla oblongata. It was in this controversial setting that Robert Bentley Todd began performing electrical stimulation experiments to induce seizures in animals. Through the course of these experiments, Todd developed his own hypothesis that epileptic seizures originated in the cerebral hemispheres where seizure activity caused loss of consciousness. 51 He also noted that if the seizure activity continued into the mesencephalon, convulsions ensued, and if to the medulla, then convulsions took on a tonic character.
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It was during this period of significant change in the understanding of epileptogenesis and brain localization that John Hughlings Jackson (1835-1911) came on the scene. Often considered the father of modern neurology and epileptology, Jackson actually performed no experiments on animals or humans. Instead, he derived his many interpretations by "sustained meticulous observation" combined with taking into consideration the experimental findings of others (Eadie, 2009).
12 One example of his observations was through his study of unilateral seizures, in which he concluded that motor movement was localizable to the cortex. 42 His description of focal motor seizures was behind the coining of the term "jacksonian epilepsy." He also believed and described an evolutionary hierarchy within the nervous system. The higher levels, as in the cerebral cortex, exerted control over the lower ones, such as the diencephalon. By destroying a higher center, there was a negative symptom from its loss of function, but also a positive symptom from the loss of inhibition on a lower center. 17, 49 At this same time, Korbinian Brodmann (1868-1918) focused his career on the development of cytoarchitecture. 
Mapping the Brain Through Stimulation
With the advent of sterile surgical technique and improvements in surgical technology (especially anesthesia), neurosurgical procedures became survivable. Surgeons could now develop techniques beyond trephination. In time, intraoperative functional assessment through stimulation would become essential to cortical preservation while maximizing neurosurgical resection of intrinsic masses.
Eduard Hitzig (1838-1907), a German neurologist in Berlin, reported experimentation with electrical currents in canine brains in 1870. 4 During the Franco-Prussian War, where he cared for soldiers with head wounds, he observed their neurological deficits and performed postmortem analysis to confirm his findings from animal studies. 23 In 1874, Roberts Bartholow (1831-1904), Professor of Medicine at the Medical College of Ohio, passed current through a patient's parietal skull defect and produced contralateral extremity muscle contractions. The skull defect was caused by a tumor. He would go on to defend his actions, concluding that although the tumor was the cause of the patient's demise, he would not repeat such experiments in the future. 16 In 1885, the first resection of an intrinsic brain mass localized to the rolandic region was performed by Sir Rickman Godlee and John Hughes Bennett. 27 Their ability to accurately turn a craniotomy was based on the mapping of animal cerebral cortex by David Ferrier. 27 David Ferrier, inspired by physiologists such as Hitzig, worked alongside John Hughlings Jackson, one of the fathers of modern neurology and epileptology. Through animal experimentation, they confirmed that motor and sensory functions lay within the cortex surrounding the central sulcus and that there was very little interspecies variability to this organization. 41 Ferrier and Jackson also experimented with localizing the auditory cortex, which they localized in the superior temporal gyrus. 18 Early detailed maps of the motor cortex were based on experimental data from chimpanzees and orangutan models from Sir Victor Horsley (1857-1916) and others. 19 Through stimulation, Horsley localized motor function to both pre-and post-rolandic fissure. Cortical mapping was later expanded by 1932 Nobel Prize recipient Charles Sherrington (1857-1952) by cortical stimulation in great apes. Using a monopolar electrode, he and Harvey Cushing (1869-1939) localized motor function exclusively anterior to the rolandic fissure with sensory function posterior. 36 Horsley would argue over this for many years, insisting that motor function was both pre-and post-rolandic fissure. 19 Cushing credits Sherrington for teaching all he knew about cortical stimulation, a technique he would apply in his surgical theater. In return, Cushing provided Sherrington with detailed illustrations, from which they reported their studies.
Between 1902 and 1912, while at Johns Hopkins Hospital, Cushing expanded mapping to the human motor cortex by using faradic stimulation. 36 He completed motor mapping on 41 anesthetized patients with epilepsy, tumor, or trauma. A man before his time, operative records show he even examined subcortical pathways that produced similar responses to cortical stimulation. In an unanesthetized patient, Cushing mapped the sensorimotor distribution in 1908 (Fig. 3) . Upon leaving Johns Hopkins for Brigham Hospital, he discontinued his cortical stimulation experiments to focus on other areas, but this important work continued under an able apprentice and friend, Wilder Penfield (1891-1976). 25 Penfield was inspired by the work of Jackson and made many observations on brain function through the study of epilepsy and epilepsy surgery. His work was critical to developing our understanding of epileptogenic foci and its surgical treatment. Penfield traveled extensively during his early career to work with the likes of Santiago Ramón y Cajal and Otfrid Foerster (1873-1941), from whom he learned techniques for staining scarred brain and stimulating cortex. Using stimulation, in post-World War I Germany Foerster identified motor and sensory cortex to guide excision in a patient with posttraumatic epilepsy.
Penfield would spend 6 months learning from Foerster, and in that time they developed techniques for identifying seizure foci through stimulation with subsequent resection of the scarred tissue. This would be termed the FoersterPenfield technique. 24 As founder and director of the Montreal Neurological Institute in 1934, Penfield pioneered the surgical treatment of epilepsy. He reported the first case of epidural EEG monitoring in 1939. Penfield also developed modern awake neurosurgery in which local anesthesia was used, dubbed the Montreal procedure. 24 Over several years, Penfield performed cortical stimulation studies in 163 patients who were undergoing surgery for epilepsy. Through meticulous observation and recording, these studies were used to developed detailed functional maps of motor, sensory, speech, auditory, visual, and memory function. 24 Penfield rendered the famous "homunculus" figure based on these findings (Fig. 4) . By direct stimulation of the lateral temporal region, Penfield's patients experienced a flashback state in which they relived earlier experiences. He described this area as the "interpretive cortex." 17 Among other important findings, these also have modern implications in the understanding of posttraumatic stress disorder. 13 Penfield also began experimental stimulation of language centers. In 1959 Penfield and Lamar Roberts reviewed language manipulation in 110 patients in whom they recorded 132 aphasic-like errors. 37 Based on the type of language error, they then mapped the classic functional zones of the language cortex.
The discrete locations identified in the early 20th cen- tury remained central to the teachings of brain function with respect to language. Many more physicians from around the world would contribute to this understanding in the ensuing years. Diagrams depicting the language system described during this time persist in textbooks today. Over the latter half of the 20th century, language would become one of the most widely studied functions of the brain.
Modern Cortical Stimulation and Its Effects on Glioma Surgery
The variability of language localization had been questioned since the late 19th century when Edward C. Seguin (1843-1898), an American neurologist, compiled literature from 52 autopsies of patients with aphasia and intracranial lesions.
8 Two-thirds of these lesions were found to be outside of Broca's area. Early stimulation studies relied on pooled data from many patients to derive classic language locations (the posterior third of the third frontal convolution, the posterior half of the temporal lobe and adjacent inferior parietal lobe, and supplementary motor cortex of the face) but did little to determine differences among individual patients. Along with Seguin, others began to question the dogma of language localization.
In 1977, George Ojemann and Harry Whitaker explored language variability by stimulating a large number of locations (5-28) in 11 patients (9 left dominant, 1 right dominant, and 1 undetermined by Wada testing) undergoing elective surgery for psychomotor seizures. These authors' findings would show a much wider and larger distribution of function that was highly variable between patients (Fig.  5) . 33 Ojemann's findings would be especially true in the pathological brain, where he postulated that reorganization of language function may occur. These results were expanded with follow-up studies, the largest of which included 117 patients undergoing epileptic focus resection. 32, 33 Variability was again confirmed and a gradation between cortex essential to naming and cortex with no role was observed. The areas that greatly affected speech were found over a larger cortical area but the foci themselves were smaller than previously thought. Over time, with contributions from many individuals, it became clear that the language centers of the human cortex were not as simple as the initial schematics developed by early investigators. Although there are certainly discrete centers essential for language function, individualized wide distributions of neurons exist in the perisylvian structures. The discovery that language centers were highly variable meant that a seizure focus in the left temporal lobe was not necessarily unresectable from a functional standpoint. More aggressive and effective treatment could be delivered while maximizing functional outcomes in patients with seizure foci. These findings were equally applicable to cortical resection of tumors and vascular malformations.
In glioma surgery, methods for minimizing postoperative neurological impact while maximizing the total resection achieved have been shown to improve both the median survival and functional status of patients. 21, 30, 35, 39, 46 The Karnofsky score, a measure of residual function, has also been directly correlated with survival in patients with glioma. Invasive gliomas infiltrate normal, functioning tissue and cause changes in cortical topography due to mass effect and neural plasticity. Using stimulation, functioning tissue has been found within grossly abnormal tissue infiltrated by tumor-including essential cortex related to language and movement. 34, 45 Cortical reorganization/recruitment has been reported in patients recovering from stroke, those with seizure foci, and those with brain tumors. 44 Intraoperative cortical stimulation has also been effective in seizure focus resection near eloquent cortex. Prior to Dr. Ojemann's work, cortical resection of foci near or in eloquent cortex was avoided. Techniques such as multiple subpial transection, proposed by Morrell and colleagues in 1989, were performed. 31 Although widely used, the efficacy of multiple subpial transection has been questioned in several studies and is now considered palliative in nature or is performed in combination with resections. 3, 35, 43, 47 Often guided by preresection electrical stimulation mapping with subdural electrodes, cortical mapping has been shown to provide meaningful benefit while limiting deficits when removing seizure foci from eloquent cortex.
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Our armamentarium for functional understanding is growing and leading to improvements in resection outcomes for glioma surgery. 10, 22, 40 In 2008, Sanai et al. reported on 250 patients who underwent language mapping during glioma resection. Instead of larger craniotomies and the identification of positive language sites, smaller craniotomies were used. Stimulation was applied, and if speech was not affected, the area was determined safe for resection. Although transient deficits were noted, only 4 of the 243 patients who underwent craniotomy had a persistent new deficit. 40 This study again concluded that language organization is highly variable and that real-time analysis is essential when resecting eloquent lesions.
A literature review from 90 studies (1990-2010) representing 8091 adult patients undergoing resective surgery for supratentorial glioma showed that late neurological deficits (> 3 months postsurgery) were less likely when using intraoperative cortical stimulation and that gross-total resection was more often achieved. 10 The rate of late neurological deficits was twice as high in patients with resection in whom cortical mapping was not used, even though all patients in the mapping group had lesions that involved eloquent locations. These data supported the universal implementation of cortical and subcortical stimulation for resections near eloquent brain.
Conclusions
Understanding of the brain and its functional topography has a fascinating story written by bold and inquisitive neuroscientists over hundreds of years. In the modern era, the work of many neurosurgeons has specifically guided our current methods for operating in and around eloquent tissue. Intraoperative cortical stimulation, in combination with preoperative imaging analysis, has maximized resection while preserving functional tissue and improving outcomes. Cortical stimulation has now taken on even wider therapeutic value with the advent of neurostimulators for degenerative disease and functional restoration. As we dive deeper into understanding brain localization, it remains important that we reflect on those who came before us and the tremendous insight and advancements they provided, and that we look forward to a future of additional experimentation and collaboration to make surgery safer and more efficacious through improved brain functional localization.
